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Abstract 
This paper presents a method to deal with the fluctuation problems caused by large-scale wind power integration to a 
distribution power system.  Two types of energy storage devices which have different response characteristics and 
costs - EDLC (Electrical Double Layer Capacitor) with extremely high response, long life cycle but costly and 
Secondary Electrical Battery with relatively low response and low cost, are considered for the purpose of mitigation 
of fast wind power fluctuation and power leveling, respectively. Digital simulations with a typical wind farm 
distribution power system model are conducted in this study, and these simulation results have illustrated the validity 
of the combined use of these energy storage systems. 
 
Keywords: Wind power; power fluctuation; energy storage; battery;EDLC. 
1. Introduction 
Along with the great concerns on global warming, exhaustion and security problems with the 
conventional energy resources, sustainable power generations have been increasingly integrated into the 
existing power network in the recent years. Among these renewable power resources, wind power has 
advantages such as large per unit capacity and easily construction of large-scale generating station which 
lead to relatively lower generation cost over the other ones (solar power generation, biomass power 
generation, etc.), and hence be considered as one of the most promising alternative energy resources to 
replace partly the conventional fossil fuels or nuclear energy [1]. However, the big problem of wind 
power generation is that its output is difficult to be controlled due to the fluctuation caused by wind gusts. 
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With large amount of wind power integration into a power grid, the fluctuation of wind power may cause 
some problems, e.g., voltage instability and frequency control problems, which need to be resolved 
adequately to reduce negative effects on the existing power grid. 
So far, some approaches have been carried out for coping with these fluctuation problems caused by 
wind power generation. Doubly-Fed Induction Generators (DFIG) or Variable Speed Generators (VSG) 
and DC links for power transfer have been verified to be effective in mitigating fast fluctuation of wind 
power output and in securing LVRT (Low Voltage Ride Through) [2]~[4], however, there are also 
problems with efficiency, cost and size and furthermore, since there is no energy buffer as an energy 
storage device can provide, even the fast fluctuation can be effectively suppressed, considerable slow 
variation in wind power may still penetrate into power grid and cause some problem to the existing grid, 
and this is the reason why wind power stations are strictly asked to satisfy the requirement of interconnect 
guideline while interconnecting to the power system. On the other hand, the introduction of properly 
controlled energy storages are confirmed to be able to absorb effectively most of this slow variation in 
wind power output and therefore reduce negative impacts on the existing power grid[5][6]. However, in 
some cases such as wind power farms locating at complicated topographical areas such like mountainous 
regions where excellent wind can hardly be obtained, the significant change of wind speed may happens 
with seconds order, and frequently charge/discharge operation of battery responding to these changes may 
considerably shorten its service time. In these cases, the combine use of EDLC and battery is considered 
an effective way [7] [8]. 
In this paper, aiming at obtaining both power leveling effect, fluctuation mitigating effect and LVRT 
capability by a single way and avoiding frequent charge/discharge operation of battery in the mean time, 
an approach is presented that considers the combined use of EDLC (Electrical Double Layer Capacitor) 
and battery. Taking consideration of the facts that EDLC has extremely high response, long life cycle but 
with low energy density and high cost, whereas battery is relatively low cost but with slow response and 
short life cycle, we propose to use small capacity EDLC as a manner to mitigate fast fluctuations and 
battery to deal with the slow variation with large amount of capacity in this work.  Digital simulations 
with a typical 66kV class distribution system model connected by a wind farm with introduction of both 
EDLC and secondary electrical battery energy storages are conducted to verify the validity of this 
proposed method. 
2. Analysis Model of EDLC 
2.1. About EDLC [8] 
EDLC is a newly developed electrical storage device and attracting great attentions in the recent year, 
which is kind of electro-chemical capacitors that has large energy storage capacity, and therefore often 
called super- or ultra-capacitor. Since EDLC has advantages such as offering extremely long life-cycle 
(tens of thousands times), no use of contaminants, working in normal temperature and providing 
extremely rapid charge /discharge operation from 0 to full capacity with less voltage loss, it is considered 
suitable for use in the case when frequently charge/discharge is necessary. Nevertheless, it also has 
disadvantages of low energy density and high cost, and thus, it is not preferable to use EDLC as a manner 
for large-capacity energy storage. 
Up to now, EDLC module with capacity from several to several thousand Farads are commercially sold 
already. For power energy storage such as that used in this study, EDLC bank needs to be made by means 
of connecting several hundreds of EDLC cell units in parallel and in series.  
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2.2. Analysis Model of EDLC 
Since the EDLC is a newly developed device and still under study, up to now, there is no ready-made 
model for conducting simulation. In this work, an EDLC system model that taking into account the 
charge/discharge control of its power converter (DC/AC inverter that interconnects EDLC bank into the 
AC power system) is derived and presented in this section. 
2.2.1. Equivalent circuit and mathematical expression of EDLC  
Electrical characteristic expression of EDLC can be basically expressed in the form of 
( ) ( ) 0( ) ( )S S CV s I s f s Q g s= ⋅ + ⋅                            (1) 
where, Vs(s) is the DC voltage, Is(s) is the DC current, QC0 is the initial charged capacity of EDLC. And 
f(s) and g(s) are transfer functions from Is(s) to Vs(s) and from QC0 to Vs(s), respectively. In expression 
(1), f(s) and g(s) need to be derived. 
According to the work in [9], EDLC bank can be electrically expressed by an equivalent circuit shown 
in Fig. 1, which takes the allotment of internal resistance, leak resistance and capacitance of EDLC unit 
into account and be referred to as “Double-Layer Equivalent Circuit”. In Fig. 1, Rs and Rp are internal 
resistance, and RL is leakage resistance. C1 and C2 are equivalent electrostatic capacitance. 
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Fig. 1.  Double-layer equivalent circuit model of EDLC bank 
Based on Fig. 1 and applying electrical circuit theory, the following characteristic expression can be 
obtained. 
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Herein, Q10 and Q20 represent the initial charged capacities of C1 and C2 in Fig. 1. 
Expression (2) gives the electrical characteristics of the DC voltage Vs responding to the change of DC 
current Is, and be used as an analysis model of EDLC for the simulation study in this work. 
2.2.2. Charge/Discharge control of EDLC bank 
EDLC may physically charge and discharge to its full capacity, however, whereas working with a 
DC/AC inverter for connecting to the AC power grid, extremely low DC voltage may lead to malfunction 
of the inverter. In order to avoid this accident, a low limit for DC voltage of EDLC bank is considered to 
ensure DC voltage not to decrease extremely low during its discharge process. For this purpose, when DC 
voltage reaches to the low limit, discharge will be stopped automatically and EDLC switches 
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compulsorily to charge mode. On the other hand, DC voltage must not beyond the EDLC rated voltage 
value so as to protect it from being destroyed, thus an upper limit for DC voltage is necessary as well, 
when EDLC is charged and DC voltage approaches the upper limit, charge will be stopped automatically 
and EDLC is ready to discharge. In this study, the low limit and upper limit are set to be 0.5p.u. and 
0.9p.u., respectively.  
Furthermore, in order to avoid the phenomena that discharge or charge operation repeats around the 
boundary of low limit or upper limit, another requirement is added in the charge/discharge control: 
whenever EDLC changes its charge or discharge mode, this mode must be continued until the DC voltage 
reaches 0.7p.u. 
Based on the above control strategy, the flow chart of EDLC charge/discharge control is proposed and 
depicted in Fig. 2. 
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Fig. 2.  Flowchart of charge/discharge control of EDLC bank 
3. Analysis Model of Battery 
3.1. About battery 
Battery is one of the most widely used energy storage devices. At present, several types of secondary 
electrical battery have been developed or under development. Among these batteries, Nickel-metal 
hydride battery and Lithium-ion battery are popular types of rechargeable battery for consumer 
electronics (portable electronics with small capacity) and still under development. Sodium-sulfer (NaS) 
battery is a new type of molten metal battery and primarily suitable for large-scale non-mobile 
applications. This type of battery may be substitute of lead acid battery in the future as grid energy 
storage. Lead acid battery charges/discharges by utilization of chemical reaction with the metallic lead 
soaked in the solution of diluted sulphuric acid, since it is fabricated from inexpensive materials and 
hence be relatively low cost, furthermore, it can operates with less limitation of working conditions (e.g. 
in normal temperature), this type of battery is already widely used in various field and the mass-
production technology has been completely established besides its operation properties have also been 
fully understood. Therefore, the lead acid battery is selected as the storage manner for large amount of 
energy in this study. However, because dynamics of this type of battery are governed by chemical 
reactions, its response is not as quick and its cycle life is not as long as capacitor. For this reason, lead 
acid battery is considered in this study as the one to deal with slow fluctuation in wind power with 
relatively large capacity so as to reduce the usage of the high-cost EDLC.  
Guohong Wu et al. / Energy Procedia 12 (2011) 975 – 985 979 Guohong Wu et al. / Energy Procedia 00 (2011) 000–000 5 
For obtaining large capacity, the battery bank consists of large quantity of cell units connecting in 
parallel and in series. 
3.2. Analysis model of battery 
3.2.1. Equivalent circuit and mathematical expression of battery 
An equivalent circuit of Fig. 3 is used for deriving the analysis model of battery [10]. 
R
 
Fig. 3.  Equivalent circuit model of lead acid battery 
According to Fig. 3, the terminal voltage V of battery can be calculated by 
d gV E V V= − +                                                  (3) 
where, E is the equivalent electromotive force (EMF), Vd is the voltage loss in circuit resistance R, and Vg 
is the additional voltage increase at time toward the end of charge respectively. These variables are 
calculated by the following expressions: 
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Herein, SOC is the state of capacity, E0 is the value of E in full charged condition, ΔE is the change of 
E responding to SOC, Va is the maximum value of the nonlinear component of Vd, Vgmax is the maximum 
value of Vg and SOCg is the capacity where the additional voltage start to increase during the charge, and 
Ka, Kg are coefficients. 
3.2.2. Charge/Discharge control of battery bank 
Charge/discharge control strategy for battery bank is using the same flowchart as that for EDLC bank 
in Fig.2. 
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4. Wind Power Generation System Model and Control Systems for EDLC and Battery 
4.1. Wind power system model 
A typical wind power system model shown in Fig. 4 is used for simulation study by use of a power 
system analysis tool named “MidFielder”, which is developed by TEPCO (Tokyo Electric Power Co., 
Japan). In this model system, wind park is assumed to have a total capacity of 30MW and be simulated by 
three induction generators and each of them has a capacity of 10 MW representing equivalently a cluster 
of wind turbines generators (e.g. 4 generators of 2.5MW class) connecting to the 22kV bus. Generation 
power from the wind park is supplied to local loads and the remains are sent to the infinite bus (bulk 
system) through the tie transmission line 3. And, EDLC and battery energy storage systems are 
introduced at the substation in Bus 4 between the tie line and the wind farm. Both of these energy storage 
systems are connected to Bus 4 via a DC/AC inverter with capacity of 5MW. 
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Fig. 4.  Wind power system model 
4.2. Wind turbine generator model 
Taking account of construction cost, all of the wind turbine generators are assumed to be low-cost 
induction generators. The induction generator model uses the standard model with parameters prepared 
by the software package, which is given in Table 1. 
Table 1. Parameters of induction generators 
Constants Values
Pole Number  4
Stator resistance (p.u.) 0.002
Stator leakage reactance (p.u.) 0.11
Rotor resistance (p.u.) 0.013
Rotor leakage reactance (p.u.) 0.12
Excitation reactance (p.u.) 3.9
Inertia (s.) 1.5
Rated slip   0.012
4.3. Inverter model for EDLC and battery 
DC/AC inverter is necessary for connecting the EDLC and battery bank into the AC power grid. 
Inverter model in this work uses a standard one in the software package, which is an ideal inverter model 
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ignoring power loss and represents its electrical characteristics by use of analysis models including a 
conversion transformer model, a 6-bridge inverter circuit model, a PLL model, a 3 phase–dq 
transformation model and a current control PWM model.  
In this study, we have designed the control block for Id and Iq (AC current in d-q axis of coordinates) to 
control the active and reactive output from inverter. Control system for DC/AC inverter of EDLC is 
shown in Fig. 5 and that for battery is given in Fig. 6. In order to level the power flow in tie transmission 
line 3 so as that the power fluctuation from wind farm does not have negative impact on the local load 
and bulk system, variation of power in line 4 is used to control the active power output of EDLC and 
battery; Meanwhile, in order to mitigate the voltage fluctuation in wind farm terminal Bus 6, deviation of 
voltage in this bus is adopted as a control signal to control reactive power output from these energy 
storage devices. 
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where, control parameters in Fig. 5 and Fig. 6 are as follows: Gp=20, Gq=60, T=1.0s, Tp=Tq=0.04s, 
Ta=25s, T1= 0.5s and T2=1.0s.  
The response delay of battery is simulated by adding a first-order lag block with time constant of T1 in 
Fig.6. 
Both of these control systems are using a simple first-order lag control with the similar block, and 
designed to control the inverter output cooperatively. The cooperative control strategy depicted in Fig. 5 
and Fig. 6 is explained in the following. 
(a) The variation of active power of line 4 is calculated and used as the control signal for Id current so 
as that the active power output from energy storage devices can cancel out the power variation of line 4 
and thus level the active power flowing into the tie line 3. 
(b) The voltage deviation of Bus 6 is used to control Iq current so as that these energy storage devices 
can output adequate reactive power to suppress the deviation of Bus 6 voltage from its reference value. 
(c) The slow variations are compensated by battery, and this is realized by adding low-pass filters with 
time constant of T2 to the control block for battery. And in the meantime, the fast fluctuations calculated 
by excluding the compensated part by battery from the input signals are designed to be mitigated by 
EDLC. 
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4.4. EDLC and battery parameters  
Parameters of EDLC bank and battery bank in Fig. 1 and Fig. 3 are tabulated in Table 2 and Table 3, 
respectively. Comparing the capacity of EDLC and battery in these tables, it can be known that capacity 
of battery is considerably larger than EDLC. Working with these capacities, EDLC can continue 
charge/discharge at a time duration of 20s with inverter outputting in full capacity (5MW),  and battery 
extends the time to 6 hours (assuming 50% of capacity can be used for energy storage).   
 
 
Table 2. Parameters of EDLC bank 
Parameters Values Parameters Values
Capacity[
MJ] 194.4 Rs[mΩ] 0.178 
C1[F] 756 Rp[mΩ] 1.674
C2[F] 324 RL[kΩ] 7.869
 
 
Table 3. Parameters of Battery bank 
Parameters At Charge At Discharge 
Capacity 2000Ah(2.16x105MJ) 
E0 [kV] 6.621 6.423 
∆E[kV] 0.726 0.645 
Vgmax [kV] 1.236 - 
R[mΩ] 0.863 0.261 
Ka 213.143 213.143 
Kg 0.0003 - 
5. Simulation Results  
5.1. Wind speed data  
For simulation study, wind speed data given in Fig.7 are obtained based on the actual wind velocity 
data measured with anemometer in Tohoku Gakuin University campus. The measured wind speed data 
has been converted into per unit value (based value 12m/s) for use in wind turbine generator models. In 
order to investigate long time behavior of energy storages, wind speed data of 4000s measured with time 
interval of 1.0s are selected for simulation study. However, since the computers can not support 
simulation for such long time duration, these data are compressed into 400s by a way just supposing the 
time interval to be 0.1s. Considering that this transformation may have the wind power profile seem to be 
more intense (10 time faster) than the real case, the response characteristics of energy storage device is 
also supposed to be about 10 time faster than the real one correspondently (time delay of battery bank is 
normally in order of several seconds, and time constant T1 in Fig.6 is shorten to 0.5s in this simulation 
study). 
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Fig. 7.  Wind speed data 
5.2. Simulation results and comments  
By use of the wind power system model in Fig.4 and based on the above-mentioned simulation 
conditions, simulations are conducted for verifying the following three properties: 
1)  Mitigation effect of fast and slow fluctuation of power flow in tie transmission line 3 by EDLC and 
battery. 
2)  Enhancement effect of Bus 6 voltage stability by introduction of EDLC and battery. 
3)  Verification of LVRT capability 
5.2.1. Mitigation effect of power flow in tie line 
With the wind turbine generators driven by the fluctuating wind speed in Fig.7, the power flow in tie 
transmission line 3 in cases of “without energy storage”, “with battery only” and “with both EDLC and 
battery” is shown in Fig.8, and the active power output from EDLC and battery are given in Fig.9.  
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Fig. 8.  Active power of tie transmission line 3 
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Fig. 9.  Active power output from EDLC and battery 
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                       Fig. 10.  Wind farm bus voltage                                       Fig. 11.  Reactive power from EDLC and battery 
Comparing the change of active power curves in Fig.8, it can be seen that the active power of tie line 3 
fluctuates considerably in case without any energy storage devices, whereas in case with battery only, 
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although slow variation of power flow has been compensated, some fast fluctuation still appears, this 
result comes from that the slow response of battery make it have no way to trace and absorb the extremely 
fast fluctuation. In contrast, it can be verified that in case with both EDLC and battery, power flow is 
effectively suppressed and leveled. From Fig.9, it can be confirmed that the active power from EDLC is 
significantly changing so as to mitigate the fast fluctuation and meanwhile that from battery is slowly 
changing to compensate the slow variation of the power flow. 
5.2.2. Enhancement effect of bus voltage 
Under the same simulation conditions, wave curve of terminal voltage of Bus 6 where wind turbine 
generators are integrated into distribution system are shown in Fig.10, and reactive power output from 
EDLC and battery are given in Fig.11. From this result, the same comments can be obtained as that in (a) 
for power flow fluctuation mitigation. The reactive power from EDLC changes rapidly responding to the 
fast fluctuation of Bus 6 voltage and that from the battery changes slowly to compensate the slow 
deviation of bus voltage. 
5.2.3. Verification of LVRT capability  
Under the same simulation conditions as that in (a) and (b), and assuming a 3LG fault (70ms) occurs at 
bus 3, wind farm bus voltage and reactive power output from EDLC and battery are shown in Fig.12. 
From this figure, it can be seen that in case “without any energy storage” or “with battery only”, since 
the terminal voltage can not recover after the fault and hence causes a dramatic decrease in generator 
power output, wind turbine generators have to be tripped from power grid to avoid accelerated step out. 
On the other hand, introduction of EDLC & battery leads to the rapid recovery of bus voltage after the 
fault and generators can continue operation. This is usually referred to as LVRT (Low Voltage Ride 
Through) capability. Furthermore, by observing the reactive power output from EDLC and battery in 
Fig.12, it can be known that the EDLC can supply reactive power simultaneously with the fault 
happening and facilitate the recovery of bus voltage, while battery can not trace the significant change of 
bus voltage. This result illustrates the improving effect of voltage stability by high-response EDLC 
device. 
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Fig. 12.  Wind farm bus voltage and reactive power from EDLC and battery 
6. Conclusion 
This paper presents a simulation-based approach to dealing with the fluctuation problems caused by 
wind power integration into a distribution system. A method of combined use of energy storage devices 
with different response characteristics and costs is proposed and verified.  
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Analysis models of EDLC and battery systems are derived and used for conducting simulation study 
with a typical wind generation system considering a wind farm connecting to the power grid. The 
simulation results have revealed the following facts: 
• Cooperatively controlled EDLC and battery energy storages with appropriate capacity can 
effectively mitigate the power flow fluctuation caused by wind power integration, and stabilize the 
wind farm bus voltage, and LVRT capability can be also obtained with introduction of high-response 
EDLC. 
• Combined use of EDLC and battery is an advisable way for obtaining satisfied improving effect of 
wind power system stabilities. In this case, battery can be used with relatively large capacity for 
leveling long-time power flow variation and EDLC can be as a manner to mitigate the fast fluctuation 
with a relatively small capacity. 
As the future work, the optimal capacity of energy storage devices and design of high performance 
control will be carried out considering various operating conditions.  
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